domains ͉ protein ͉ relationships I t has long been clear that genes come in families, with selection for functionally useful domains. Genes can be thought to be the result of past events of domain shuffling, splicing, fusion, deletion, and duplication during the evolution of protein families. This article reports the results of an attempt to count the amino acid sequence relationships among all of the presently identified human genes. It amounts to an overview. For this purpose, the relationships of individual amino acids are counted when they are part of regions of proteins that have significant relationships to other proteins. We find that the vast majority of the proteins are involved in such relationships and on average are related to Ϸ26 other proteins.
Methods
The 25,193 human gene amino acid sequences were downloaded from the National Center for Biotechnology Information. Using BLAST, each sequence as probe was compared with all of the other sequences (called targets), rejecting any alignments with an expectation value Ͼ1 ϫ 10 Ϫ3 . In comparing amino acid sequence pairs, BLAST often reports alignments of short regions of particular probes and targets that may multiply overlap. Each amino acid of the probe that was matched to either an identical or similar amino acid within one of these regions was given a score of 1, regardless of how many times it was reported in overlapping regions with the same target. Then, the scores of all of the matches to different targets were added up to determine for each amino acid in each gene the number of matches present within regions of significant relationships. A table for the 25,193 genes was constructed in which a name index and the length are listed for each, followed by a listing of the number of similar or identical amino acids recognized for each of the amino acids of the protein. This 30-megabyte table is available on CD by e-mail request. Also available on CD is FORTRAN software which allows the graphical presentation for each gene of the patterns of frequency of matches for all amino acids. The identification number in Table 2 and Table 3 , which is published as supporting information on the PNAS web site, is derived from the National Center for Biotechnology Information code NMxxxxxx for the mRNA for that protein, which is converted to 1xxxxx. For the CD disk, the identification method is to search the PubMed nucleotides database for ''Homo sapiens'' and a protein name or identifier. Among the results will be the NMxxxxxx, which is converted as above to find the protein on the disk, or XMxxxxxx, which is converted to 2xxxxxx.
Results

Numbers of Matches.
The approach counts all of the individual amino acid matches (identical or similar) that are part of a region of a gene that has significant sequence relationships with other genes. In Table 1 , the two columns show percent matches with an expectation value of Ͻ1 ϫ 10 Ϫ3 to the left and Ͻ1 ϫ 10 Ϫ6 to the right. There are no important differences between the two columns, and an expectation Ͻ1 ϫ 10 Ϫ3 was considered significant.
Genes often include significant matches to different sets of other genes in different regions of the gene, making it difficult to count the number of relationships of a gene as a whole. Therefore, a direct and simple method for counting the number of individual amino acid relationships is preferable, avoiding counting the sum or average of all of the relationships of different regions. This analysis was done with 25,193 genes that on average each contain 505 aa, adding to a total length of 12,728,886 aa. There were 339 million matches between amino acids in regions with an expectation Յ1 ϫ 10 Ϫ3 , giving an average of 36.5 matches per amino acid, counting just those amino acids with any matches. Table 1 summarizes the number of matches for the individual amino acids of each of the human genes in this fairly complete set with the other human genes in this set. The data are restricted to significantly matching regions with expectations of 1 ϫ 10 Ϫ3 . Of interest is the number of genes that do or do not contain matching sequences. By count, 4,286 genes, or only 17.0% of the total of 25,193 genes, do not have any matching regions with expectation Յ1 ϫ 10 Ϫ3 . By whatever measure is chosen, the majority of genes or amino acids of gene sequences are part of sets of related sequences. Seventy-three percent of the amino acids match others in regions of significant relationship, with an average of 36.5 matches for amino acids in genes with regions that match significantly. The number of matches ranges from 0 to 718 for given amino acids. The highest-frequency amino acids are part of C2H2 zinc finger proteins.
Although the average number of matches for all of the amino acids of all genes on this list is Ϸ26, the median is nearly 3. One view of this observation is that the majority of amino acids are in regions of proteins significantly related to few other proteins and, as a result, have none, one, two, or three matches. The other view of this value of the median number of matches is that about half of the amino acids are in regions significantly related to many other proteins, ranging from 1 to 718 matches.
The arrangement of these amino acid similarities on the genes is important because they each are part of regions of the gene sharing functional similarity with other genes. Fig. 1 is an example of a graphical method showing the count of relationships of the amino acids of zinc finger gene 91, which is of C2H2 type. The maximum number of similarities for a given amino acid is 692 in this gene, and the gene length is 1,191 aa. In Fig. 1 , the number of matches for each amino acid is plotted against position along the length of the protein sequence. The axes of the figure have been normalized so that the maximum frequency is near the top and the length fits the longitudinal size of the figure to set a standard way of exhibiting many cases. A feature of this example occurs widely among the set of genes studied. Each region containing matches is a mixture of amino acids showing lower frequencies and amino acids with a large number of matches. This range makes for a large vertical spread to the diagrams. In the case of Fig. 1 , there is a long, level region of a typical maximum number of matches, and almost the whole gene has a high frequency of matches. This gene is made up of many repeats of the active zinc finger domain. Fig. 2 shows similar diagrams for a sample of 70 different genes. Table 2 identifies the proteins shown in Fig. 2 , listing also the length and maximum frequency. Fig. 4 and Table 3 , which are published as supporting information on the PNAS web site, list the next 70 cases as shown in Fig. 2 and Table 2 . Listed on these tables is a sample of 165 proteins chosen simply as the first 165 on the list with which we are working. (Note that the starting point is not 1, and that three are missing from the serial order.) Of this subset, 25 did not have any amino acid matches recognized as part of regions with an expectation of Յ1 ϫ 10 Ϫ3 . That amounts to 15.2%, which is not significantly different from the value of 17.0% for the whole set shown in Table 1 , suggesting that this may be a typical sample. This set has not been purposely selected in any way, but it has the advantage that no computerderived apparent genes are present. The 140 cases in which there are matches are illustrated in Figs. 2 and 4. Locations in these figures are identified by digits in rows 1-7 (vertical) and in columns 0-9 (horizontal). All examples are normalized by frequency and length, as in Fig. 1 , to fit their individual boxes in the figure. For example, case 1,0 (row, column) at the upper left in Fig. 2 reports a duplicated gene where one copy has diverged from the other at a modest number of amino acids scattered along its length. PubMed lists these two genes as NAT1 and NAT2. Case 2,2 reports, for example, five essentially identical genes, which are apparently transcript variants, indicating what could be considered a source of minor statistical error in this work due to transcription variants being counted as genes.
In further introductory explanation, just looking at the cases in the figure usually allows recognition of the frequencies by the number of lines in the figure. These lines represent lower numbers of matches for the differing amino acids in the various related genes. The first five cases in the top row of Fig. 2 are examples where the low frequency can be easily recognized. However, case 2,2 is a rare example where the frequency cannot be recognized from the graph and must be derived from Table  2 . The digestion of all of the immense amount of data is left up to the reader, depending on special interests. There are all kinds of examples ranging from genes that show similarity to other genes only in limited very small regions to those that are similar to many others over most of their length. There are cases of two distinct regions related to many others and even multiple regions, separated by regions with smaller numbers of matches. The six examples at the bottom right in Fig. 1 are a set of collagens that share a similar pattern of high frequency over most of their lengths. The maximum frequency of 718 observed is for an amino acid in the conserved region of a zinc finger protein and other high-frequency examples are from C2H2 zinc finger proteins. Fig. 3 shows the distribution against the frequency of the number of amino acids on a log scale because it covers such a wide range. The distribution is expressed as the sum of the number of examples up to each observed frequency. The 27% of the amino acids that do not match others in significant regions start off the curve because there are 3.45 million of them. There are more with this value than for any other individual frequency. The upturn at frequencies Ͼ512 is very likely due to the conserved amino acids of the C2H2 zinc finger proteins, which adds up to a couple percent of all of the genes studied.
A question arises concerning the significance of the estimate of the number of genes without regions matching other genes, the 17% that are presumptive single-copy genes. To check this observation, the protein sequences that had no matches at an expectation of 1 ϫ 10 Ϫ3 were collected in a library and compared with all 25,193 protein amino acid sequences at a more open criterion listing all relationships with an expectation Ͻ10. This same library was randomized in amino acid sequence, retaining the length and composition of each of the 4,180 proteins. The randomized set also was compared with all 25,193 protein sequences. The maximum number of matching genes with expectation Ͻ10 was 252 for the original and 31 for the randomized set. Curiously, all of the randomized set had at least one match, whereas 190 of the original set found no matches at this open criterion.
To estimate how many of this set of genes can be considered to have significant matches with expectation Ͼ1 ϫ 10 Ϫ3 , note that 85 of them have more matches than any of the randomized examples. This small number is hardly worth considering and suggests that the limit of 1 ϫ 10 Ϫ3 is reasonable. Because of evolutionary relationships, many of the so-called single-copy proteins may, in fact, have domains that are very divergently related to the well recognized functional domains. It will be difficult to determine the number in this set because of the well recognized problem of seeing distant relationships. Each member of the set of 26,193 was retested against all of the set by using a new version of BLAST, and the results were consistent with those shown in Figs. 2 and 4 . Graphs show the same general shape in every case but appear to include more ''hits,'' indicating an increase in sensitivity to more divergent relationships, even though the limit was set to the same value of 1 ϫ 10 Ϫ3 . The percentage showing no relationships was 15.5%, compared with the previous 17%. Results with either BLAST version would be satisfactory, but the distributed CD contains the newer, more sensitive version results. This paper can be considered just the beginning of this sort of study of relationships with the tools at hand. Future studies, for example, by setting up hidden Markov model analysis, will likely show many additional relationships.
A Translated Fragment of an Alu Repeat in a Zinc Finger Gene. When REPEATMASKER (Institute for Systems Biology, Seattle) software examined the coding sequence of the zinc finger gene 91 described in Fig. 1 , it reported that the last 104 nucleotides (or Ϸ34 aa) are part of an Alu Ye sequence matching at 94%. It turns out that the last exon of this gene is short and is made up only of the fragment of Alu sequence, similar to Alu Ye. Thus, this is probably an example of a gene variation caused by the presence of an exon derived from a mobile element (1-3) . A search turned up five other cases of zinc finger genes that have similar short terminal Alu sequences, as well as a few more zinc finger genes with fragments of other mobile elements inserted into the coding sequences.
Regarding the interpretation of Fig. 1 , the smoothly downsloping region at the right-hand end is mostly the Alu sequence translation. This region indicates that there are hundreds of related amino acid sequence regions that include these amino acids, but it does not show that they are linked to zinc finger genes. When REPEATMASKER is used to search all of the 25,193 gene coding sequences for mobile elements, REPEATMASKER finds many hundreds but adding up to Ͻ1% of the length of these coding regions. Among them are Ϸ74 examples of fragments of Alu sequences in genes that produce known proteins. Presumably, some of these Alu sequences are part of the sequences that are matched by the amino acids of the terminal short region of Fig. 1 , and they occur among many different gene coding sequences. However, the short terminal region that descends like the tail of an elephant at the right edge of Fig. 1 indicates that there are Ͼ400 similar amino acids in significantly related regions. The interpretation of this region is not as clear and certain as we might prefer. It depends on the effect of the neighboring well matched regions on this region, the heuristic method used by BLAST to detect weakly similar regions, and the way the expectation is calculated to set the criterion of significance. That was demonstrated by using BLAST to compare Y is the row count with the top row ϭ 1, and X is the column count with the left column ϭ 0. For identification, see Methods.
terminal region segments of various lengths (unpublished data).
In each case, fewer amino acid similarities were found than in Fig. 1 , and more were found the longer the segment that was used. The 35-aa translated Alu sequence alone found very few matches. Although many years ago it was a surprise to find Alu sequences as part of the coding sequences of genes (4, 5) , there are now well recognized examples (1-3, 6-9). However, in this example, Alu sequences appear to be present in a small number zinc finger genes.
Discussion
By whatever measure is chosen, the majority of genes or amino acids are part of sets of related sequences. Seventy-three percent of the amino acids match others in regions of significant relationship, with an average of 36.5 matches for these amino acids. Eighty-three percent of the 25,193 proteins contain regions that significantly match other proteins on this list, which probably contains the great majority of human genes. Thus, the majority of genes are members of families of genes in the sense that the sequences of significant functional regions are related. The point must be made that a large fraction of the genes on this list are hypothetical or computer-derived. However, that may not much change the statistics, because the first 165 genes on the list are not hypothetical, and the fraction without significant shared domains is about the same as the total.
The cases shown in Figs. 2 and 4 show that the relationships often are restricted to local regions. For additional examples, FORTRAN is available by e-mail request. The data will be distributed on a CD for all of the 25,193 cases.
The basic issue is the mechanism that underlies these massive sets of relationships. These relationships are presumably the result of past events of regional shuffling, splicing, fusion, deletion, and duplication during evolution of protein families. During this set of processes, the individual proteins have been selected to carry out their function whether it be to produce a regulatory molecule, an enzyme, or a structural molecule. The copying, duplication, or multiplication processes have long been recognized as important (10) . An overview of the resulting recognized domains is provided in ref. 11 . These data show the true scale in the human genome for the 25,000 proteins recognized so far and leave no doubt that the principal process by which new gene functions arise is by making use of preexisting genes. Fig. 3 . Cumulative distribution of numbers of matches. The cumulated percent of amino acids plotted against the log of the number of identical or similar amino acids recognized, always restricted to significantly related aligned regions (expectation Ͻ1 ϫ 10 Ϫ3 ). The curve starts with the 27% of amino acids that have no matches, passes through the median at Ϸ3 matches, and passes through 90% with fewer than Ϸ50 matches. Finally, there is a step representing the zinc finger proteins and a few other proteins with between 500 and 718 matches.
